Emala CW. Airway smooth muscle photorelaxation via opsin receptor activation. opsin (OPN) receptors have recently been implicated in blue light-mediated photorelaxation of smooth muscle in various organs. Since photorelaxation has not yet been demonstrated in airway smooth muscle (ASM) or in human tissues, we questioned whether functional OPN receptors are expressed in mouse and human ASM. mRNA, encoding the OPN 3 receptor, was detected in both human and mouse ASM. To demonstrate the functionality of the OPN receptors, we performed wire myography of ex vivo ASM from mouse and human upper airways. Blue light-mediated relaxation of ACh-preconstricted airways was intensity and wavelength dependent (maximum relaxation at 430-nm blue light) and was inhibited by blockade of the large-conductance calcium-activated potassium channels with iberiotoxin. We further implicated OPN receptors as key mediators in functional photorelaxation by demonstrating increased relaxation in the presence of a G protein receptor kinase 2 inhibitor or an OPN chromophore (9-cis retinal). We corroborated these responses in peripheral airways of murine precision-cut lung slices. This is the first demonstration of photorelaxation in ASM via an OPN receptor-mediated pathway. airway smooth muscle; blue light; G protein receptor kinase 2; opsin; relaxation Address for reprint requests and other correspondence:
INTRODUCTION
Airway smooth muscle (ASM) is important for embryological lung development (41) and plays a role in the pathophysiology of reactive and inflammatory lung diseases. Smooth muscle constriction controls the aperture of large and small airways, creating resistance to air flow. It is well known that endogenous activation of G protein-coupled receptors (GPCRs; i.e., muscarinic, leukotriene, neurokinin) regulates ASM constriction. However, in the past decade, several GPCRs that mediate signaling functions in other organs have been suggested to have an additional role in ASM contraction. One example is the bitter taste receptors-sensory receptors normally found on the tongue that were found to have large effects on ASM tone (14) . Beyond the underscoring of the complexity of signaling in normal ASM physiology, these novel signaling pathways hold promise for the understanding of the wide impact of atypical stimuli on ASM function.
The capacity of light to induce smooth muscle relaxation (termed photorelaxation) has been demonstrated in vascular (3, 10, 17, 27, 38, 44) , urethral (46) , and corpus cavernosum (28) tissues. This phenomenon appears to be wavelength dependent, with at least two wavelength regions (UV and blue spectra) contributing to photorelaxation via distinct mechanisms. Whereas it is thought that UV light promotes smooth muscle relaxation by increases in nitric oxide release from endogenous stores via a nitric oxide synthase-independent pathway (2, 4, 8) , more recent studies have demonstrated that blue light (3, 44) induces relaxation by activating G protein-coupled signaling initiated by opsin (OPN) receptor activation.
OPNs are part of the seven-transmembrane GPCR superfamily of receptors that now includes Ͼ1,000 OPN subtypes. Photorelaxation has classically been attributed to the atypical members of the OPN family and includes encephalopsin (OPN3) and melanopsin (OPN4). OPN photoactivation classically involves a partner molecule (also known as chromophore) that enhances the photosensing properties of the receptor. Classically, photoactivation in vision-related OPNs involving 11-cis retinal activation leads to signaling through G transducin, increased phosphodiesterase activity, decreased cGMP, and reduced glutamate release by the photoreceptor cell. Whereas OPN3 and -4 have been described in an array of different tissues (1, 3, 6, 13, 15, 18, 21, 25, 26, 44, 49) , the role of the atypical OPNs in extraocular human physiology has not been fully understood, and the associated G protein-coupled pathways of the atypical OPNs have yet to be elucidated.
OPN3 mRNA has been found in several tissues, including skin, lung, liver, brain, and white blood cells (1, 6, 15, 21, 25, 26, 49) , and has been appropriately named encephalopsin/ panopsin. With regard to its potential physiological role in the lung, OPN3 polymorphisms have recently been associated with an altered risk of developing asthma. A Danish genome-wide search (1,151 individuals) for associated genetic loci linked to asthma demonstrated a strong correlation between locus 1qter mutations (within the OPN3 gene) (49) and asthma. This Danish group confirmed its population finding by cross-referencing with the Genetics of Asthma International Network (1,551 individuals) and demonstrated a correlation of OPN3 single-nucleotide polymorphisms with asthma. Studies have also confirmed OPN3 protein expression in epithelial and immune cells within the lung and have demonstrated functional decreases in lymphocyte (Jurkat cell line) activation when treated with OPN3 small interfering RNA (49) . Furthermore, 13-cis-retinoic acid, a derivative of the endogenous OPN ligand 11-cis retinal, has been prescribed to patients for the treatment of acne. Warnings of this medication have been noted for night blindness due to functional OPN inhibition, hypertension, and severe asthma exacerbations (23, 40) . Given the relationship between the OPN3 mutation/inhibition and the development of asthma pathophysiology, we questioned if OPN3 activation would result in modulation of ASM tone.
Melanopsin (OPN4) is expressed in optic and nonoptic tissues and has been the best characterized of the atypical OPNs. OPN4 regulates numerous physiological responses, such as melatonin release from the pineal gland and circadian rhythm (5, 19, 47) . With regard to smooth muscle effects, OPN4 activation has recently been implicated as mediating peripheral vascular relaxation (3, 44) . This discovery by Sikka et al. (44) demonstrated that OPN4 is the key protein in light-mediated relaxation of mouse tail blood vessels. Studies by the same group also demonstrate the expression of OPN3 and OPN4 in the pulmonary vasculature, which displayed photorelaxation properties similar to that in the peripheral vasculature (3) . In these studies, it was hypothesized that OPN receptor activation decreases cyclic nucleotides via the G i pathway, decreasing activity of the cyclic nucleotide-gated channels leading to smooth muscle relaxation. The authors also hypothesized that the mechanism of action of vascular OPN relaxation is due to the opening of potassium channels, leading to smooth muscle hyperpolarization, due to the ineffectiveness of light in the relaxation of a potassium chloride-mediated constriction (3, 44) .
In the current study, we demonstrate for the first time light-mediated ASM relaxation in tracheal ASM from human and mouse and in peripheral small airways of mice. We implicate OPN receptors as the receptors mediating ASM photorelaxation.
MATERIALS AND METHODS
Cell culture. Primary cultures of human ASM cells were a kind gift from Dr. Panettieri (Rutgers, The State University of New Jersey) et al. (37) and have previously been characterized. The Columbia University Institutional Animal Care and Use Committee approved all mouse tissue protocols. Primary cultures of mouse ASM cells were established from ASM isolated from the posterior wall of murine trachea under a dissecting microscope. Mouse ASM was enzymatically digested using the Papain Dissociation System (Worthington, Lakewood, NJ) and collagenase type 4 (Sigma-Aldrich, St. Louis, MO), as previously described (33) . The phenotype of these mouse ASM cell lines has also been previously characterized (33) . Primary cultures of human and mouse ASM cells were grown to confluence in 75 cm 2 flasks and used between passages 3 and 5 for isolation of total RNA for RT-PCR studies. All cells were maintained in M199 medium, supplemented with 10% fetal bovine serum, 10 units/ml penicillin, 10 g/ml streptomycin, 25 pg/ml fungizone, 1 ng/ml human fibroblast growth factor, 0.25 ng/ml human epidermal growth factor, 1 g/ml insulin, 0.55 g/ml transferrin, and 0.67 ng/ml selenium (Thermo Fisher Scientific, Waltham, MA) at 37°C in 95% air-5% CO2.
Isolation of smooth muscle from human trachea and mouse. All human airway tissue protocols were reviewed by the Columbia University Institutional Review Board and were deemed not human subject research under 45 CFR 46. Human tracheal tissue was from discarded airway tissue from healthy lung donors during transplantation surgery at Columbia University. All mouse tissue protocols have been approved by Columbia University Institutional Animal Care and Use Committee. Male and female C57BL/6 mice were euthanized, and the trachea was removed intact.
For both human and mouse trachea, extraluminal fibrous tissue and the luminal epithelial layer were removed either by gentle intraluminal abrasion or by fine dissection. For wire myography muscle force studies, mouse tracheal rings were kept intact, whereas human ASM strips were excised from the posterior wall of human trachea. Whole tracheal rings (mouse or human) were placed in an optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA) for laser microdissection-assisted RNA extraction or immunofluorescence staining.
Isolation of RNA by laser capture microdissection and reverse transcription of cDNA. Human and mouse tracheal rings were embedded in OCT and frozen using dry ice in isopentane. Serial sections (6 m) were made under RNase-free conditions and were placed on a 1-mm polyethylene naphthalate membrane-coated slide (PALM Microlaser Technologies, Westchester, NY). Slides were processed for RNA preservation, and the cells were stained using a laser-capture microdissection (LCMD) kit (Ambion AM1935; Fisher Scientific).
Smooth muscle was dissected and harvested, avoiding contamination from adjoining cells, nerve bundles, and vasculature, using a PALM MicroBeam laser microscope. Each sample represented 5-10 mm 2 of excised ASM. An RNAqueous-micro kit (Fisher Scientific) was used to extract RNA from the harvested tissues, and reversed transcription of mRNA to cDNA was performed using SuperScript III (Thermo Fisher Scientific). RNA (10 l) was transcribed into cDNA using random hexamer primers at 42°C for 1 h in 20 l, according to the manufacturer's recommendations.
RT-PCR. PCR was performed on newly synthesized cDNA (5 l) using RNA isolated from native mouse or human ASM by LCMD, mouse or human ASM-cultured cells, and whole mouse eye (mouse positive control; Advantage Polymerase Kit; Clontech, Mountain View, CA). Human retinal cDNA was purchased to use as positive controls for OPN expression (Takara, Mountain View, CA). Sense and antisense primers (0.4 M) were used for corresponding OPN receptors and G transducin family members (Table 1) and were designed to anneal in exons that flanked at least one large intron to ensure that PCR products arose from cDNA and not contaminating genomic DNA. All cDNA samples were denatured at 94°C for 10 s. Annealing temperatures were all 68°C for 1 min. Each sample underwent 35 cycles of amplification in a PTC-200 Peltier thermal cycler (Bio-Rad, Hercules, CA). PCR products were separated for analysis on a 5% nondenaturing polyacrylamide gel in Tris acetate, EDTA buffer. PCR products were then stained with ethidium bromide (Molecular Probes, Eugene, OR) and digitally recorded (Biospectra UVP, Cambridge, UK) with Visionworks software (Biospectra UVP; n ϭ 3 and represents samples obtained from three independent animals, humans, or cell lines).
Immunofluorescence histology. Human tracheal rings were dehydrated using 30% sucrose and frozen and embedded in OCT for OPN immunostaining. Human tracheal rings were cut in 6 m serial sections, placed on glass slides, and fixed in 4% paraformaldehyde for 15 min. Heat-mediated antigen retrieval was performed with 10 mM sodium citrate buffer, pH 6.0, for 30 min. Slides were rinsed with PBS, blocked with 10% goat serum in 0.1% Tween 20/PBS, and incubated overnight at 4°C with primary antibody against OPN3 (anti-OPN3; LS-C151367; LS Biosciences, Seattle, WA) at a concentration of 1:500 in 2% goat serum in PBS with 0.1% Tween 20. Tracheal ring sections were also incubated without primary antibody (as a negative control). Following overnight incubation at 4°C, slides were washed with PBS, and primary antibodies were detected using phycoerythrin (PE)-labeled anti-rabbit antibody at a 1:10,000 concentration in PBS with 2% goat serum and 0.1% Tween 20 (1 h at room temperature). Slides were also counterstained with 4,6-diamidino-2phenylindole (DAPI) dihydrochloride to visualize cell nuclei, mounted with Vectashield (Vector, Burlingame, CA) mounting media, and covered with a coverslip (n ϭ 3 and represents samples obtained from three independent humans).
Immunoblotting. Denuded mouse trachea and eyes were place in 300 l lysis buffer consisting of 150 mM NaCl, 1.0% Nonidet P-40 (Sigma-Aldrich), 50 mM Tris·HCl (pH 8.0), with complete Protease Inhibitor Cocktail (Sigma-Aldrich) on ice. Tissues were immediately homogenized and placed on an orbital shaker at 4°C for 2 h. Samples were then centrifuged at 500 g at 4°C for 20 min, and the supernatant was removed. Aliquots (10 l) were removed to perform protein quantification using a bicinchoninic acid kit (Thermo Fisher Scientific) protocol, as indicated by the manufacturer. Laemmli buffer at final concentration of 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.002% bromophenol blue, 0.0625 M Tris·HCl (pH 6.8) was added to the samples and placed in a boiling bath (100°C) for 5 min. Samples were loaded into premade Mini-PROTEAN TGX 4 -15% acrylamide gradient gels (Bio-Rad). Equivalent sample loading was based on a bicinchoninic acid assay, where volumes were adjusted to load 20 g protein in each lane of the gel. Eye samples were loaded at 10 g per lane. Gels were run at 100 V for 1-2 h at room temperature (running buffer 25 mM Tris, 190 mM glycine, 0.1% SDS). Gels were then transferred in methanol-activated polyvinylidene difluoride (PVDF) using SDS-PAGE [Transfer buffer 25 mM Tris (pH 8.3), 192 mM glycine, 20% methanol) at 30 V overnight at 4°C. The PVDF was then blocked with 4% milk in Tris-buffered saline-Tween 20 (50 mM Tris, 150 mM NaCl, 0.1% Tween 20) for 1 h at room temperature. The PVDF was then incubated overnight at 4°C in primary antibody against OPN3 or GAPDH (1:1,000; anti-OPN3; LS-C151367; LS Biosciences) and anti-GAPDH Ab-9484 (1:1,000; Abcam) in 1% milk Tris-buffered saline-Tween 20. Horseradish peroxidase-labeled secondary antibody in 1% milk was then applied for 1 h at room temperature. Visualization was obtained by SuperSignal Femto (Pierce, Rockford, IL) and was recorded in digital images (Biospectra UVP; n ϭ 4 and represents samples obtained from four independent animals).
Force measurements of mouse ASM. Tracheas from C57BL/6 mice were rapidly removed and placed in modified Krebs-Henseleit (KH) buffer of the following composition (in mM): 115 NaCl, 2.5 KCl, 1.91 CaCl 2, 2.46 MgSO4, 1.38 NaH2PO4, 25 NaHCO3, and 5.56 D-glucose (pH 7.4). Connective tissue was removed under a dissecting microscope, and tracheas were cut in half axially. One-half trachea was used in each myograph bath (DMT, Ann Arbor, MI). The tissue was held at a resting tension of 0.5 g, and the buffer was exchanged every 15 min for 1 h with a continuous digital recording of muscle force. Following this equilibration period, three ACh dose-response curves were constructed (100 nM-1 mM). An ACh EC 50 was determined for each tracheal ring based on these dose-response curves, and each ring was then contracted with ACh (EC 50 concentration).
To demonstrate decreased desensitization of OPN-mediated bluelight photorelaxation, a combination of a G protein receptor kinase 2 (GRK2) inhibitor and normal ambient versus decreased ambient light (dark) pretreatments was performed in some mouse myograph studies. In indicated studies, dark pretreatments of airway tissues were achieved by covering the organ baths with foil, turning off all exogenous light sources within the room, and blocking windows with blackout curtains for 1 h before challenging the tissues with light exposure. Methyl 5-[(E)-2-(5-nitrofuran-2-yl)ethenyl]furan-2-carboxylate (Santa Cruz Biotechnology, Dallas, TX) is a GRK2 inhibitor and is otherwise known as a ␤-adrenergic receptor kinase inhibitor with an IC 50 of 128 M. In indicated studies, a dose of 200 M GRK2 inhibitor was used to inhibit GRK-mediated desensitization of the OPN receptors. Pretreatments with the GRK2 inhibitor were performed for 15 min before light exposure.
A halogen white-light source with adjustable power output was used to deliver light of varying brightness to test the intensity dependence of light-induced relaxation. Light intensity was measured using a handheld lux meter (UNI-T UT383; Signstek, Wilmington, DE). A monochromator (Ludl Electronic Products, Hawthorne, NY; CM 110, Spectral Products, Putnam, CT) was used to expose mouse ASM to light with increasing wavelengths (from 370 to 700 nm in 30-nm increments) to test the optimal wavelength at which relaxation occurred. A derivative of vitamin A, 9-cis retinal (0.28 -28 M), known to be a chromophore for human OPN receptors, was added as a pretreatment for 1 h before 405-nm light exposure to demonstrate the effect of the addition of an exogenous chromophore to photorelaxation. The buffer temperature was checked at 30 s and 1, 2, 5, and 10 min of light exposure to confirm that the buffer remained at 37°C.
In an attempt to elucidate the possible mechanism of light-mediated relaxation, some experiments were performed with a pretreatment of 100-nm iberiotoxin, in addition to 10 M 9-cis retinal, 1 h before 405-nm light exposure. Iberiotoxin is a specific inhibitor of the large-conductance calcium-activated potassium (K Ca) channel (also known as the BK channel). BK channel activation is, in part, regulated by PKA, which is well known to be activated by GPCRs. BK channel activation-mediated hyperpolarization induces ASM relaxation.
Amplified analog signals from the myograph (DMT) were digitized using a Biopac MP100 system. Digitized signals are analyzed using Acknowledge software (v. 3.9.1) and converted to muscle force in grams of tension (n ϭ 3-6 and represents individual tracheal rings isolated from three to six independent animals).
Force measurements of human ASM. Human tracheal smooth muscle strips in an organ bath were oxygenated in a KH buffer of the following composition (in mM): 118 NaCl, 5.6 KCl, 0.5 CaCl 2, 0.236 
RT-PCR OPN survey OPN3
CGTACCTCTTTGCTAAATCGAACACTGTATACAAT
All sequences are in the 5=-3= direction. GNAT1/2/3, G protein subunit ␣ transducin 1/2/3; OPN3/4, opsin 3/4.
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OPSIN-MEDIATED AIRWAY SMOOTH MUSCLE PHOTORELAXATION MgSO4, 1.38 NaH2PO4, 25 NaHCO3, and 5.56 D-glucose (pH 7.4) at 37°C, as described previously (11, 51) . In brief, tracheal strips were tied with silk in series with an FT03 force transducer (Grass Telefactor, West Warwick, RI). KH buffer was exchanged in the organ baths every 15 min, whereas resting tension was maintained at 1.5 g. The ASM strips were subjected to two cycles of increasing log concentrations of ACh (100 nM-100 M). An ACh EC 50 was determined for each ASM strip based on these dose-response curves, and each strip was then contracted with ACh (EC 50 concentration). To eliminate the effects of airway nerves and histamine receptors, tetrodotoxin (1 M) and pyrilamine (10 M) were added to the buffers of all organ baths.
In indicated experiments, the GRK2 inhibitor, methyl 5-[(E)-2-(5nitrofuran-2-yl)ethenyl]furan-2-carboxylate 200 M was added to the buffer to inhibit GRK-mediated desensitization of the OPN receptors. A 15-min pretreatment was performed before 5 mW light-emitting diode (LED) lights were focused on the tissue from a distance of 10 cm. Tissues were exposed to specific wavelengths of light (i.e., green 532 nm or blue 405 nm) for 2.5-5 min. Amplified analog signals from the FT03 transducer (Grass Telefactor) were digitized using a Biopac MP100 system. Digitized signals were continuously captured and analyzed using Acknowledge software (v 3.9.1), converting volts to muscle force in grams of tension (n ϭ 3-4 and represents individual ASM strips isolated from three to four independent human tracheal samples). Precision-cut lung slice. Mouse precision-cut lung slices (PCLSs) were prepared as previously described (7) . In brief, mouse lungs were filled in situ with agarose, embedded in gelatin, and cut into 130 m-thick slices using a tissue slicer (Precisionary Instruments, Greenville, NC). Lung slices were incubated (37°C, 10% CO 2) overnight in DMEM with gentamycin and streptomycin. PCLSs were then placed and perfused (Hanks' balanced salt solution) in between a 22 ϫ 40-mm slide and a 11 ϫ 30-mm coverslip. To prevent any movement of the lung slice during perfusion, a nylon mesh with a small opening was placed over the lung slice, such that the mesh holds the slice by the lung parenchyma, and the small opening was centered over the airway to allow imaging. Visualization was achieved with a phasecontrast microscope and charge-coupled device camera. Video Savant (IO Industries, London, ON, Canada) was used to capture and digitally analyze airway luminal area. Contraction of airways was induced by the switching of the perfusion buffer to Hanks' balanced salt solution containing 0.2 M ACh, and exposure of PCLS to other experimental drugs was made similarly by the switching of the appropriate perfusion solution. In indicated experiments, the GRK2 inhibitor, methyl 5-[(E)-2-(5-nitrofuran-2-yl)ethenyl]furan-2-carboxylate was superfused at 200 M for 5 min before blue-light exposure to inhibit OPN desensitization. PCLS imaging was performed under red light by the addition of a long-pass filter (600 nm cutoff; Edmund Optics, Barrington, NJ) between the microscope lamp housing and the condenser. To study the effect of blue light on changes in airway contractility, we customized the microscope's fluorescence attachment with the following components: a Xenon Arc Lamp, iris, band-pass filter, electronic shutter, and fluorescence cube containing a dichroic mirror and barrier filter. The iris was used to create an illumination spot covering the small airway in the PCLS. The wavelength's range of the blue light was set by the band-pass filter (86 -652; 25 mm; 400 Ϯ 12.5 nm; Edmund Optics). A 520-nm cutoff dichroic mirror (FF520, DiO2, 18 ϫ 26; Semrock, Rochester NY) and a barrier filter (610 nm; Nikon, Tokyo, Japan) allowed the exposure of the airway to blue light without interfering with the continuous imaging of the PCLS. A 5-min exposure time to the blue light was controlled using the electronic shutter (n ϭ 3-4 individual airways analyzed from lung slices obtained from three to four separate mice).
Statistical analysis. Each experimental permutation included intraexperimental vehicle controls. We used one-way ANOVA with Bonferroni post-test comparisons between appropriate groups using Prism 4.0 software (GraphPad, San Diego, CA). For comparisons between two experimental groups, a Student's t test was used. Data are presented as means Ϯ SE; P Ͻ 0.05, in all cases, was considered significant.
RESULTS

OPN mRNA expression.
Representative gel images demonstrating the results of RT-PCR analysis of mRNA encoding OPN proteins are presented in Fig. 1 . Analysis was performed on total RNA isolated from primary cultures of mouse and human ASM (cell) and from total RNA isolated from native mouse and human ASM using LCMD. Two members of the OPN family, found extraocularly (OPN3 and OPN4), were targeted for RT-PCR detection. mRNA encoding OPN3 was detected in all four sources of ASM (native and cultured human and mouse ASM). OPN4 was detected in native and cultured mouse ASM but not in human samples. Water blanks, negative control devoid of cDNA, did not demonstrate a PCR product. Human retinal (cDNA) and mouse eye (tissue), positive controls, demonstrated PCR products of expected size. In addition, an RT-PCR survey of the transducin family of G proteins (G proteins classically coupled to OPN receptors) demonstrated the conserved expression of G protein subunit ␣ transducin 2 (GNAT2) in ASM from both native and cultured ASM of both mouse and human. GNAT1 and GNAT3 were found in both mouse ASM cells in culture and ASM obtained from LCMD (Fig. 1) . All RT-PCR images are representative of three independent experiments using tissues or cells obtained from independent animals or humans.
OPN3 protein expression in human ASM and mouse trachea. OPN3 protein was immunofluorescently detected in ASM of human trachea (Fig. 2 ). OPN3 stained positive (PE) in the smooth muscle region of human trachea, and cell nuclei were stained with DAPI. Immunoblot analysis of mouse epithelium-denuded trachea demonstrated positive immunostaining of a protein at 47 kDa (predicted 45 kDa) for both protein samples derived from mouse trachea and mouse eye (positive control). GAPDH immunoblotting was performed to demonstrate sufficient protein loading. GAPDH-targeted immunoblots demonstrated an immunoreactive band at 35 kDa (35 kDa predicted) for both mouse epithelium-denuded trachea and eye (Fig. 2) . Immunoblotting (n ϭ 4) and immunofluorescent (n ϭ 3) images are representative of three to four independent experiments using samples from three to four independent humans or animals.
Light-mediated relaxation enhanced by dark and GRK2 inhibitor pretreatments. The OPN receptors are known to be rapidly desensitized by GRK-mediated phosphorylation. To demonstrate the effects of light desensitization on lightmediated ASM relaxation, combinations of dark, ambient light or GRK2 inhibition were evaluated as pretreatments before 405-nm blue light-mediated relaxation in mouse tracheal rings precontracted with an EC 50 dose of ACh (Fig.  3) . Light (532 nm; green light control), after exposure with GRK2 inhibitor pretreatment, had no effect on precontracted mouse trachea [0.4 Ϯ 0.4 (percent relaxation mean Ϯ SE); Fig. 3A ]. However, 405-nm light treatments in the presence of the GRK2 inhibitor resulted in a Ͼ50% relaxation [56 Ϯ 7.2 (percent relaxation mean Ϯ SE), P Ͻ 0.001, n ϭ 4 compared with green light treatment; Fig. 3B ]. The combination of dark and GRK inhibitor pretreatment did not significantly increase 405-nm light relaxation compared Photorelaxation in ASM is light-intensity dependent. Precontracted mouse trachea were exposed to light at varying intensities following pretreatment with the GRK2 inhibitor to demonstrate the relationship between light intensity and ASM relaxation. Mouse tracheal ring relaxation increased as the white light intensity became more intense over the range of 0 -228,000 lux units or 0 -17.8 log2 lux units (Fig. 5) . After curve fitting, the intensity of light that caused a 50% reduction in ACh-induced contractile force was~39,000 lux ( Fig. 5; n ϭ 3) .
Light-mediated relaxation is wavelength dependent. AChprecontracted mouse trachea were pretreated with the GRK2 inhibitor to inhibit receptor desensitization and were exposed to light at varying wavelengths from 370 to 640 nm at 30-nm increments to identify the wavelength dependence for ASM relaxation. The representative tracing (Fig. 6 ) demonstrates a maximum relaxation at 430 nm and an activation range of 370 -490 nm. A repeat 430-nm light treatment was performed to demonstrate that the relaxation mechanism was still intact, and a high-intensity white-light treatment was performed to demonstrate maximal light-induced relaxation. Figure 6 is a representative tracing of three independent experiments. 9-cis Retinal enhanced photorelaxation. To demonstrate the effects of a known OPN ligand/chromophore, 9-cis retinal on photorelaxation, ACh-precontracted mouse trachea were pretreated with varying concentrations of 9-cis retinal (0 -28 M) for 1 h during dark pretreatment and then exposed to 405-nm blue light (Fig. 7) . A 9-cis retinal dose-dependent increase in light-mediated relaxation was demonstrated with 8.3 Ϯ 3.8, 14.8 Ϯ 2.4, 25 Ϯ 6.9, and 32 Ϯ 4.2% relaxation (mean Ϯ SE) at concentrations of 0, 0.28, 2.8, and 28 M 9-cis retinal, respectively (Fig. 7) . Pretreatment (28 M) of 9-cis retinal demonstrated a significant difference in relaxation when compared with 0 M (P Ͻ 0.01, n ϭ 4 -5) and with 0.28 M (P Ͻ 0.05, n ϭ 5) 9-cis retinal pretreatments.
9-cis Retinal-enhanced photorelaxation is inhibited by iberiotoxin. We questioned whether a component of lightmediated relaxation was mediated by the opening of the K Ca (BK) channel, as has been described for relaxation mediated by bitter taste receptors (14) . Mouse tracheal smooth muscle rings were contracted with an EC 50 concentration of ACh and pretreated with 10 M 9-cis retinal, with or without 100 nM iberiotoxin, before exposing the tissues to 405-nm light. Light induced a 4.5% Ϯ 1.4% (mean Ϯ SE) relaxation in tracheal rings pretreated with 9-cis retinal with iberiotoxin, whereas airways that received 9-cis retinal alone demonstrated a 17.3 Ϯ 2.0% (mean Ϯ SE) relaxation (P Ͻ 0.001, n ϭ 6; Fig. 8 ). Fig. 5 . Left: representative force tracing of mouse tracheal rings in an organ bath precontracted with an EC50 concentration of ACh. The tracheal ring was pretreated with a G protein receptor kinase 2 (GRK2) inhibitor {methyl 5-[(E)-2-(5-nitrofuran-2-yl)ethenyl]furan-2-carboxylate 200 M} and exposed to white light at increasing intensity (11.1-17.8 Log2 lux). Gray bars above indicate increasing light intensities. The tracing labeled light demonstrates increased relaxation when mouse trachea was exposed to increasing intensity of light. The tracing labeled control demonstrates a no-light treatment time control. Right: intensity response curve of mouse tracheal rings in an organ bath precontracted with an EC50 concentration of ACh, pretreated with GRK inhibitor, and exposed to increasing intensities of light (11.1-17.8 Log2 lux). Mean relaxation occurred at 39,000 lux (n ϭ 3 independent experiments using tracheal rings from 3 different animals). Peripheral airway. We used mouse PCLS to demonstrate blue light-mediated relaxation of the distal (peripheral) airways (Fig. 9 ). The airway was preconstricted with 200 nM ACh (Fig.  9, B and E) , and the subsequent exposure to blue light (400-nm wavelength) for 5 min induced a modest relaxation of 9.0 Ϯ 2.3% (mean Ϯ SE) in the continuous presence of ACh (Fig. 9C ). However, this blue light-induced airway relaxation increased to 40.3 Ϯ 4.3% (mean Ϯ SE) when the PCLSs were pretreated for 5 min with 200 M GRK2 inhibitor methyl-5-[9E0-2-(5-nitrofuran-2-yl)ethenyl] furan-2-carboxylate (P Ͻ 0.0001 compared with control, n ϭ 3-4; Fig. 9F ).
DISCUSSION
The current study demonstrates for the first time that electromagnetic energy in the visible spectrum, applied directly to ASM, causes smooth muscle relaxation. The characterization of the light applied demonstrates that relaxation is dose dependent with a 50% response at 39,000 lux and demonstrates wavelength specificity with a maximal potency at the 430-nm wavelength. Prior animal studies have shown photorelaxation in sheep urethra, rabbit aorta, rat pulmonary artery, and mouse arteries (1, 3, 6, 13, 15, 18, 21, 25, 26, 44, 49) ; however, this is the first demonstration of photorelaxation in ASM and in human tissue. When surveying for possible receptor candidates in mouse and human ASM, we demonstrate that OPN3 mRNA expression was conserved between human and murine samples. We also confirmed in the human ASM that protein expression of the OPN3 receptor is present using fluorescent immunohistology and similarly show correlation in mice by immunoblot analysis.
We provide several layers of evidence that implicates that the OPN receptor is mediating this photorelaxation effect. First, we observed that selective light-mediated effects are restricted to the blue-wavelength bandwidth (405 nm), a finding that is consistent with OPN3 activation (29, 39) . OPN3 is classically activated by 415-470-nm light, but wavelength specificity is determined by the OPN subtype, as well as the binding of specific chromophores. The chromophore 9-cis retinal induces a small shift or shortening of the wavelength sensitivity and retains sensitivity in the blue-light wavelength region, including 405 nm. Thus OPN3-specific activation should occur within the blue-light region, as we have demonstrated in Fig. 6 . In addition, we demonstrate enhanced photorelaxation with the use of the ␤-adrenoceptor kinase (GRK2) inhibitor, illustrating the involvement of GPCR kinase signaling that has been reported for the OPN family (34, 43) . Classically, ␤-adrenoceptor kinase is described as a key mediator of ␤-adrenoceptor desensitization via feedback mechanisms of the G s pathway to decrease both activity and the available pool of membrane-associated ␤-adrenoceptors following receptor activation (32, 45) . Notably, GRK2 has also been shown to mediate OPN4 desensitization, which is implicated in the desensitization of OPN4 receptors in vascular smooth muscle (3, 16, 42, 44) . Our studies demonstrate enhanced relaxation via inhibition of GPCR phosphorylation- 
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OPSIN-MEDIATED AIRWAY SMOOTH MUSCLE PHOTORELAXATION mediated desensitization, illustrating that ambient light mediates a desensitization of the OPN receptor. Indeed, this phenomenon could be minimized by removal of ambient light stimulation, since ex vivo dark pretreatment experiments demonstrate enhanced light-mediated photorelaxation without the use of a GRK2 inhibitor. Although not tested yet, we hypothesize that in vivo (inside the body), sufficient darkness exists, allowing for OPN receptor-mediated relaxation without the need for GRK2 inhibition. Future experiments will seek to address this important consideration, as well as to exploit other mechanisms of enhanced photorelaxation (e.g., targeted phosphorylation of the OPN receptor).
In addition to the role of GPCR-desensitization pathways, we explored the role of known OPN-associated chromophore molecules as they relate to ASM photorelaxation. A point of molecular convergence between these groups (OPN3 and OPN4) involves a predicted chromophore/retinal binding at a lysine residue located on the seventh helix of the protein receptor. The prototypical chromophore (in the retina), which allows for visual photo-mediated signal transduction, is 11-cis retinal (a metabolite of vitamin A). Photosensitivity is achieved as 11-cis retinal forms a covalent bond with the previously mentioned OPN receptor lysine residue to create a "Schiff base," a retinylidene protein (also known as the retinal OPN complex). The resultant retinylidene protein exhibits differential activation parameters (excitation wavelength) and differential downstream G protein couplings (i.e., G s vs. G q ), which are thought to be determined by variations in combination between different OPN receptor and chromophore subtypes (12, 22, 24, 30, 35) . We found that an exogenously added 9-cis retinal pretreatment resulted in a dose-dependent enhancement of blue light-mediated relaxation. Whereas blue light has potential non-OPN biological effects (20, 36, 50) , blue light is well established as an activator of OPN3 and OPN4. To implicate OPN receptors further in ASM photorelaxation, we applied exogenous 9-cis retinal to enhance OPN receptor light responsiveness. 9-cis Retinal has only been associated with light-sensitive biological activity through OPN receptors, suggesting that 9-cis retinal-mediated enhanced relaxation is due to its association with OPN receptors. Interestingly, the endogenous chromophore for the extraocular OPN receptors has yet to be discovered. 11-cis Retinal, the classic OPN chromophore, is found in the eye and is produced by retinal pigment epithelial cells via a series of specialized enzymes. Vitamin A is converted to all-trans retinol in the liver and is the circulating precursor to 11-cis retinal. It is unlikely that the 11-cis retinal isoform would be stable enough to be made from the retinal epithelium and then be delivered to the airway tissue. It may be possible that more stable forms of vitamin A could reach the lung and bind to the endogenous extraocular OPN receptors. It could also be possible that some isomerase enzymes could be produced by the airway to modify circulating forms of vitamin A to chromophores that activate the OPN receptor. Given that certain OPN themselves are known to be isomerases transforming all-trans retinal to cis retinals (9), it is possible that the ASM OPN receptor acts in an autocrine fashion to modulate its own signaling. Further studies in the endogenous signaling and activation of these receptors are warranted.
Our findings demonstrate that light-mediated airway relaxation involves potassium channel activation, as previously (3, 44) . In the current study, we demonstrate that specific inhibition of K Ca channels of the large conductance subtype (i.e., BK channels) significantly blocked 405-nm blue light-mediated ASM relaxation. BK channels are activated by increases in cellular calcium, which are mediated by myriad signaling events in ASM. Many of these signaling events are G protein coupled, most commonly attributed to receptors coupled to the G q or G i proteins, but members of the G transducin family are also expressed in ASM, as demonstrated in the present study. Additionally, multiple families of membrane channels and transporters are involved in the influx and efflux of calcium. The specific signaling events that link blue light-mediated relaxation to the opening of BK channels and relaxation of ASM are the topic of ongoing investigations. The involvement of BK channels in light-mediated ASM relaxation is consistent with the initially hypothesized mechanism by which bitter taste receptors relax ASM. The original studies suggested that localized increases in calcium (via the G q pathway) activated BK channels, which were inhibited by iberiotoxin (14) . It is important to note that BK channel activity can also be increased by PKA-mediated phosphorylation (48), a kinase activated by classic relaxing ligands coupled through ␤ 2 -adrenoceptor/G s /cAMP. Further studies are needed to determine whether OPN receptors in ASM may be activating this classic cAMP/PKA pathway to open BK channels, as well as multiple other known PKA prorelaxant pathways in ASM.
Visual OPN receptors activate heterotrimeric G proteins after three criteria are met: application of light at the correct wavelength, chromophore binding at the receptor, and homodimerization of the OPN receptor. Whether extraocular OPNs behave in the same manner and are associated to the same pathways as classic visual OPNs have yet to be determined. It is possible that the extraocular OPN receptors mediate nonclassical signaling pathways that are prorelaxant (such as G s ), which is supported by the GRK2 inhibitor enhancement of photorelaxation. Whereas OPN receptors of different subtypes have been associated with the activation of G proteins, such as G t , G i /G o , G q , and G s (31) , the classical association of OPN3/4 has been linked to G q . We demonstrate in airway that mRNA of GNAT2, a member of the G transducin family, is present in ASM (Fig. 1) . However, alternative G protein pathways remain possible mechanisms of ASM OPN-mediated photorelaxation.
To determine if our results were applicable to all levels of ASM throughout the lung, we used PCLS. We found conservation of photorelaxation in small (peripheral) airways that were precontracted with the bronchoconstrictor ACh. Given the major role that these peripheral airways play as a determinant of airway resistance, the capacity to induce photorelaxation adds significant clinical relevance to our findings. Similar to our observations in tracheal specimens, bronchiolar relaxation occurred at the blue-light wavelengths with enhanced relaxation after pretreatments of the GRK2 inhibitor.
In summary, we have characterized the ASM physiological effects of ASM photorelaxation, demonstrating wavelength and signaling associations that implicate the OPN family. The use of light to relax the airway directly is novel and can be a very versatile means of treatment. LED technology has dramatically advanced recently, where light can be exposed to large areas or focused onto a single cell. Medical application of the technology may allow us to expose light to target cells, whereas sparing others' decreasing systemic effects. The field of optogenetics has already begun this work, demonstrating micro-LED implantation into mouse brains in vivo and that OPN activation is feasible. Furthermore, the field of nanotechnology has produced not only cell-targeted nanoparticles but also light-emitting nanoparticles. If the field of "photophysiology" is able to answer some of the important mechanistic questions as technology advances, then the clinical use of phototherapy may be on the horizon.
